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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a fabricating technology of a semiconductor 
integrated circuit. More particularly, it relates to a technology effectively adaptable 
for fabricating process a semiconductor integrated circuit with a step of forming a 
ruthenium electrode of a capacitor with high-k material by a chemical vapor 
deposition (CVD) method using an organoruthenium (Ru) compound as a precursor. 

Description of the Related Art 

A DRAM (Dynamic Random Access Memory) is so configured that each one 
of its memory cells comprising a selective transistor and an information storage 
capacitor (below, referred to as a capacitor) are arranged in a matrix on a 
semiconductor substrate. The capacitance of the memory cell capacitor needs to be 
increased in density for configuring a large capacity DRAM. A method teaches 
using a tantalum pentoxide (Ta 2 0 5 ) film with a high dielectric constant as a dielectric 
film of a capacitor in JP-A-244364/1994. 

In the foregoing publication, a polysilicon is adapted as a bottom electrode, and 
a process is adopted in which a silicon nitride film is formed on the surface by a 
thermal nitriding method using ammonia in order to prevent electrode oxidation. 
However, since the silicon nitride film has a lower dielectric constant than the 
tantalum pentoxide film, the total capacitor capacitance is reduced. Further, an oxide 



dielectric, such as the tantalum pentoxide film, is required to undergo film formation 
and post annealing in an oxidation atmosphere at a high temperature of at least 300 
°C to 700 °C for improving the electrical characteristics thereof. In the step, the 
silicon nitride film is oxidized to a silicon oxynitride (SiON) film with a relatively 
lower dielectric constant, which inevitably further decreases the capacitor's 
capacitance. 

As such, a study has been done on a MEVI (Metal Insulator Metal) structure 
using, as a bottom electrode material, platinum (Pt) which is relatively stable at a 
high temperature and in an oxidation atmosphere, ruthenium (Ru), or iridium (Ir) 
which holds electrical conductivity even if an oxide thereof is formed. In the MEVI 
structure, an insulator with low dielectric constant is not formed in the interface 
between an electrode and a dielectric film, and hence it is possible to increase the 
density of the capacitor capacitance. Further more, out of these metals, ruthenium, 
which is excellent in micromachinability, is the most preferable material as a bottom 
electrode of the oxide dielectric. 

The present inventors have studied the application of the capacitor made up of 
a ruthenium electrode and a high-k dielectric material described above to a large 
capacity semiconductor integrated circuit, such as a 256 M bit DRAM or 1 G bit 
DRAM. For such a large capacity DRAM, the electrode is required to be formed 
three dimensionally in order to provide the required capacitor's capacitance. The 
present inventors have conducted a study on a technology of forming a ruthenium 
electrode by a Chemical Vapor Deposition (CVD) method. Below, the technology 
of forming a capacitor of the invention is described, and the problems and 
deficiencies thereof are pointed out. 



A method in which a deep hole is processed in a silicon dioxide film during a 
step of sub-micron patterning from its surface, and then a bottom electrode of 
ruthenium is deposited to form a three dimensional structure is described by 
reference to FIGS. 16(a) to 16(e) as follows. All the figures denote cross sectional 
views. Further, only a capacitor forming area is shown, and other areas are omitted. 

First, a silicon dioxide film having a through hole 7 in which a plug 1 made of 
a polysilicon (Poly-Si) and a barrier layer 19 made of, for example, titanium nitride 
(TiN) are buried. On an interlayer insulator of a plug region 2 made of the silicon 
dioxide film, an interlayer insulator of a capacitor region 3 made of, for example, a 
silicon dioxide film and with a film thickness of 1000 nm, is deposited (FIG. 16(a)). 

The laminated plug (the plug 1 and the barrier layer 19) is formed for ensuring 
the electrical connection between a diffusion layer of a selective transistor (not 
shown) and the bottom electrode of a capacitor. The barrier layer 19 on top of the 
plug 1 is necessary for inhibiting the silicidization reaction between the bottom 
electrode of ruthenium and the Poly- Si plug 1 . 

Then, by using a known photolithography method and a dry etching method, 
the interlayer insulator of the capacitor region 3 is processed to the surface of the 
interlayer insulator of plug region 2 such that the resulted window is in a form of 
cylinder, elliptical cylinder, or rectangle (as a deep hole 8) (FIG. 16(b)). 

Then, a ruthenium film 4a of 30 nm thick is deposited in the deep hole 8. The 
ruthenium film 4a is deposited by a CVD method using, for example, 
Ru(C 5 H4C 2 H 5 )2 as a precursor (FIG. 16(c)). 

Then, in order to isolate the adjacent capacitors from each other, the ruthenium 
film 4a deposited on the top face of the interlayer insulator of the capacitor region 3 



is removed by sputtering etching, thereby forming a bottom electrode of ruthenium 4 
having a three dimensional structure in the deep hole 8 (FIG. 16(d)). 

Then, a high-k dielectric film 5 of 10 nm thick made of, for example, tantalum 
pentoxide (Ta20s) is deposited thereon by a CVD method. Subsequently, annealing 
for the crystallization thereof is performed at 400 °C to 700 °C, and then, a top 
electrode 6 made of, for example, ruthenium is deposited thereon by a CVD method, 
thereby completing a capacitor (FIG. 16(e)). 

The resistance of the laminated plug connecting between the bottom electrode 
of ruthenium 4 and the selective transistor is determined for the capacitor formed in 
the foregoing manner. As a result, they are not well conducted. Further, the leakage 
current of the capacitor is determined by applying a voltage of +1 V to the top 
electrode 6 of the capacitor, which incurs a leakage current of 3 x 10" 3 A/CM 2 is 
flown therethrough, i.e. the capacitor is not well insulated. According to the cross 
section of the capacitor closely observed by means of a transmission electron 
microscope (TEM), an oxide layer of TiN, ex. titanium dioxide (Ti0 2 ), is formed in 
the interface between the bottom electrode of ruthenium 4 and the barrier layer 19 
such that peeling occurs locally. For comparison, after forming the bottom electrode 
of ruthenium 4 (after FIG. 16(d)), one-minute annealing at 500 °C is performed in an 
inert gas without forming the high-k dielectric film (tantalum pentoxide film) 5. 
However, even this process similarly causes the capacitor being poorly insulated. 
Further, as a result of the transmission electron microscope (TEM) analysis, peeling 
due to shrinkage of the ruthenium film itself happens. An X-ray diffraction diagram 
of the structure shows a peak corresponding to T1O2 and a slight peak corresponding 
to Ru0 2 other than the peak corresponding to ruthenium crystals. Consequently, it is 
conceivable that the oxygen contained in slight amounts in the bottom electrode of 



ruthenium 4 formed with the CVD method causes oxidation of the barrier layer 9. 
Further, it is also conceivable that the thermal shrinking of the ruthenium film is 
caused by oxygen diffusing into the barrier layer 9. 

On the other hand, similarly, the TEM observation indicated that the crystal 
grain size and the surface morphology of the bottom electrode of ruthenium 4 change 
largely after annealing for crystallizing the high-k dielectric film (tantalum pentoxide 
film) 5. After forming the bottom electrode of ruthenium 4, the crystal grain size is 
about 10 nm, and a largely uneven surface is observed. However, the tantalum 
pentoxide film is then formed with the CVD method, and subjected to annealing for 
crystallization at a temperature of 650 °C. As a result, the crystal grain size changes. 
Consequently, it is conceivable that the capacitor is not well insulated because the 
bottom electrode of ruthenium 4 is deformed during the annealing for crystallization. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to form an electrode of ruthenium with a 
low amount of oxygen contamination and high thermal stability by a CVD method. 

The above and other objects and novel features of the invention will be 
apparent from the description of this specification and the accompanying drawings. 

Out of the aspects of the invention disclosed in this application, the general 
outlines of the typical embodiments will be described below. 

A chemical vapor deposition method is adopted to reduce the amount of 
oxygen contamination in the ruthenium film. It is discovered that 
bis-(ethylcyclopentadienyl)ruthenium [Ru(C 5 H4C 2 H 5 )2] and Ru(OD) 3 are in a liquid 
state at room temperature, bis-(cyclopentadienyl)ruthenium [Ru(C5Hs)2], 



bis-(methylcyclopentadienyl)ruthenium [Ru(CH3 €5114)2], and 

tris-(dipivaloylmethanate)ruthenium [Ru(CnHi 9 0 2 )3] are in a solid state at room 
temperature as organoruthenium compounds which are used as precursors in the 
chemical vapor deposition method. Since these precursors require an oxidation (0 2 ) 
gas for decomposition and deposition, they are exposed to an oxygen atmosphere at a 
temperature of at least 200 °C or more. 

Further, a sequence of an organoruthenium precursor gases are introduce with 
an oxidation gas and an inert gas in the CVD deposition process. The configuration 
of the CVD deposition apparatus is shown in FIG. 7. A vaporized organoruthenium 
compound is carried by a carrier gas of nitrogen, mixed with an oxygen gas at a 
mixer, and introduced through a distributor (shower head) onto a wafer. Further, a 
balance gas of nitrogen is introduced from the bottom of the wafer to adjust any 
unbalanced pressure distribution in a chamber. As a solid precursor, the wafer is 
held in a chamber with a constant temperature at from 50 °C to 100 °C, and a 
nitrogen gas is introduced thereinto as a carrier gas to carry the vaporized 
organoruthenium compound into a deposition chamber. The amount of the 
organoruthenium compound to be supplied is controlled at 1 x 10" 5 MOL/MIN or 
more (as required for deposition) by the temperature of the chamber (keeping a 
constant temperature) and the amount of the carrier gas. As a liquid precursor, the 
organoruthenium compound is vaporized at a vaporizer controlled at about 150 °C, 
and supplied in a required amount by a carrier gas of nitrogen. The temperature of 
the substrate is controlled by a bottom heater. It is noted that a gas introduction pipe 
and the deposition chamber are kept at a temperature of 150 °C or more, but not 
higher than the decomposition temperature of the precursor for preventing the 
condensation of the precursor. 



The relationship between the timing of (1) a step during which the substrate is 
carried into the deposition chamber and then increased in temperature up to the 
growth temperature, (2) a step during which the precursor supply is started to deposit 
a ruthenium film, and (3) a step during which the precursor supply is stopped to 
decrease the substrate temperature and the substrate is taken out of the chamber, with 
respect to the amount of oxygen contamination in the ruthenium film formed. The 
amount of oxygen contamination is evaluated from the detected amounts of carbon 
monoxide (CO), oxygen (0 2 ), and water (H 2 0) by the thermal deposition analysis 
(TDS) of the ruthenium film. The relationships between the recipes studied by using 
Ru(C5H4C2H 5 ) 2 as a precursor of the chemical vapor deposition process and the 
amount of oxygen contamination in the ruthenium film are summarized in the 
Recipes 1 to 8 of FIGs. 5(a)&(b). The growth temperature is 250 °C. Herein, the 
time for increasing the wafer temperature is set at 4 minutes, and the time for 
decreasing the temperature is set at 2 minutes. Further, the precursor supply time is 
adjusted such that the ruthenium film thickness is 30 nm. Further, a carrier gas of 
nitrogen is also introduced from the distributor (shower-head) when the precursor is 
not supplied so as to prevent the occurrence of any unbalanced pressure distribution 
in the deposition chamber. Still further, the pressure in the chamber is controlled at 5 
Torr by an exhaust valve. It is noted that the amount of the supplied vaporized 
precursor gas is negligible as compared with the total amount of supplied gases. 

The amount of oxygen in the ruthenium film is decreased to less than the 
detection limit (10 14 ATOM/CM 2 ) where the introduction of an oxygen gas is limited 
to when the precursor (Recipe 4) is being supplied (FIG. 5(a)). The reason why the 
amount of oxygen contamination is increased when the oxidation gas is introduced 
before supplying the precursor (Recipe 2) is explained as follows. Since the amount 



of oxygen adsorption on the surface in the initial deposition stage is too large, oxygen 
is mixed into the ruthenium film. Assuming the introduction of the oxidation gas 
after stopping the precursor supply (Recipe 3) results in exposure of the ruthenium 
film to an oxygen atmosphere at 250 °C, the ruthenium film surface is thus oxidized. 

On the other hand, the difference between Recipes 4 and 5 is the supply 
amount of oxygen gas during deposition, which indicates that the amount of oxygen 
contamination in the ruthenium film decreases along with a decrease in the supply of 
oxygen gas. FIG. 6 shows the relationship between the growth rate and the inverse of 
the growth temperature (Arrhenius plot). When the supply of oxygen gas is 500 
seem (standard cc / minute) (Recipe 5), the surface reaction process with an 
activation energy of 0.4 eV at 300 °C or less proceeds. On the other hand, when the 
supply of oxygen gas is reduced to 20 seem (Recipe 4), the reaction process is 
changed into the reaction process having an activation energy of 1 .4 eV. As reported 
in "PROCEEDING IN VLSI TECH. 2000", pl02, by M. HIRATANI et. al., the 
decomposition process of an organoruthenium compound, such as Ru(C 5 H 4 C2H5) 2 , is 
rate-controlled by the amount of oxygen adsorption on the surface. For a large 
supply of oxygen gas (500 seem), oxygen undergoes saturated adsorption on the 
grown surface such that oxidation decomposition is dominant. In this case, the 
oxygen not used for decomposition remains in the ruthenium film, and it supposedly 
oxidizes the ruthenium film during the growth. On the other hand, when the supply 
of oxygen gas is 20 seem, supposedly, the amount of oxygen adsorption on the 
grown surface is limited to an amount required for the precursor decomposition, and 
hence the amount of oxygen to be mixed into the ruthenium film is small. The 
smaller the oxygen partial pressure in the deposition chamber, the more the step 
coverage of the ruthenium film is increased. Therefore, the smaller oxygen partial 
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pressure is advantageous for ruthenium formation in a deep hole. As a result of a 
close study, it is possible to form a desired ruthenium film by adjusting the supply of 
oxygen gas and the supply of nitrogen gas such that the oxygen partial pressure in the 
deposition chamber is 0. 1 Torr or less. 
5 The results of the invention remain the same even if a seed layer is pre-formed 

by a sputtering method before forming the ruthenium film by the CVD method. For 
example, if a ruthenium film of 20 nm thick is formed on the structure of FIG. 13(b) 
by a sputtering method, a ruthenium seed layer of 1 nm to 2 nm thick is formed on the 
p inner surface of the deep hole. The formation of the ruthenium seed layer allows a 
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10 prior formation of a plurality of growth nucleuses in the subsequent CVD deposition. 
Therefore, it is possible to reduce the incubation time. The results of the 
investigation on the relationship between the oxygen introduction method and the 
amount of oxygen contamination when the ruthenium seed layer is formed are shown 
in Recipes 6, 7, and 8 of FIG. 5(b). In the case where an oxygen gas is introduced 

15 prior to the precursor supply (Recipe 6), the amount of oxygen contamination is 
increased even compared with the case where there is no ruthenium seed layer 
(Recipe 2). This is attributable to the fact that the ruthenium seed layer is oxidized in 
an oxygen atmosphere. It is found that the amount of oxygen in the ruthenium film is 
reduced to less than detection limit (10 14 ATOM/CM 2 ) in the case where the 

20 introduction of the oxidation gas is limited to when the precursor (Recipe 8) is being 
supplied. 

A chemical vapor deposition method using a diluted precursor of an 
organoruthenium compound dissolved in a solvent is adopted by the present 
invention. Description is given by an example in which a diluted precursor of 
25 Ru(CsH4C2H 5 )2 is dissolved in a tetrahydrofuran (THF) solvent with a concentration 



of 0. 1 MOL/L. The diluted precursor is supplied at a rate of 5 seem by means of a 
CVD apparatus shown in FIG. 7. The supply amount is controlled by a liquid mass 
flow meter. The diluted precursor is vaporized by the vaporizer held at 150 °C, and 
then mixed with an oxygen gas together with a carrier gas of nitrogen at the mixer. 
The mixture is then supplied through the distributor (shower-head) into the chamber. 
As distinct from the case where a solvent is not used, the supply of a large amount of 
solvent molecules is started simultaneously with the start of the precursor supply. In 
this case, the amount of supplied THF gas (6 x 10" 2 MOL/MIN) corresponds to 1300 
seem. Therefore, the partial pressure of each supplied gas in the deposition chamber 
is required to be immediately adjusted to be constant. The total amount of molecules 
of the supplied gases after starting deposition is desirably set to be almost the same as 
or more than the total amount of molecules of supplied gases before starting 
deposition, although it depends upon the volume of the deposition chamber and the 
discharge amount of a vacuum pump. For keeping the pressure constant, the exhaust 
amount is increased to not less than a given amount by the exhaust valve 
automatically. Accordingly, it is possible to immediately set the partial pressure of 
each supplied gas constant. The gas introduction method is as shown in Recipe 9 of 
FIG. 5(b). A solvent gas also has a property of inclining to be adsorbed by the grown 
surface. Therefore, even if the supply of oxygen gas is larger as compared with the 
case where no solvent is used, the surface adsorption oxygen density is low since the 
surface is occupied by the solvent gas first. Accordingly, the amount of oxygen 
contamination in the ruthenium film is also small. The growth temperature in this 
case is 290 °C. 

A close study indicates that the supply of oxygen gas, the supply of nitrogen 
gas, and the supply of THF gas may be adjusted such that the oxygen partial pressure 



in the deposition chamber is not more than 0.5 Torr. The introduction of the solvent 
gas allows the substrate surface adsorption density of oxygen to be controlled low, 
and hence it is also advantageous for the step coverage. As in the foregoing case, it is 
also found that the amount of oxygen in the ruthenium film is reduced to less than 
detection limit (10 14 ATOM/CM 2 ) in the case where the introduction of the oxygen 
gas is limited to when the precursor (Recipe 9) is being supplied. The same effects 
have been also observed for the case where the ruthenium seed layer is previously 
formed (Recipe 10). 

The foregoing description is given by using R^CsH^Hs^ as a typical 
example as a precursor of the chemical vapor deposition process. However, the same 
effects are applicable to Ru(OD) 3 , and Ru(CH 3 C 5 H4)2, Ru(C 5 H 5 ) 2 , and 
Ru(CnHi 9 02)3, which are in a solid state at room temperature, but not for 
Ru(C 5 H4C2H 5 )2. Further, the combination of the organoruthenium compound and a 
solvent, the solvent is not limited to THF. The same effects are applicable to 
methanol, ethanol, propanol, butanol, toluene, acetone, octane, diethyl ether, 
dimethyl ether, or the like. The optimum C VD conditions with respect to the supply 
of the precursors are summarized in FIGs. 8(a)&(b). The recipes 11-14 have the 
same conditions as the recipe 8 except the precursors. The recipes 17-19 have the 
same conditions as the recipe 9 except the precursors. The recipes 15, 16 have 
different precursors and solvents from the recipes 1-10, 1 1-14 or 17-19. All recipes 
11-18 are designed for forming a bottom electrode. Herein, for the compounds 
containing oxygen in the organic molecule, such as Ru(OD) 3 and Ru(CnHi 9 0 2 )3, the 
result is that the oxygen is left in slight amounts in the film. However, it is possible 
to remove oxygen included in slight amounts therein by annealing the bottom 
electrode of ruthenium as described below. 
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In the foregoing process, although oxygen (0 2 ) is used for decomposition of 
the precursor of the chemical vapor deposition process, the same effects are 
applicable to the oxidation gas, such as N 2 0, H 2 0, NO2, or O3. However, for H 2 0, 
N0 2 , or O3, its supply has to be suppressed as compared with oxygen in order to 
inhibit the oxidation of the barrier layer. For N 2 0, even if its supply is larger than the 
supply of oxygen, it is possible to inhibit oxidation of the barrier layer. This is due to 
a difference in their oxidizing power, and a difference in the diffusion barrier 
property of the ruthenium surface onto which an oxidation gas is adsorbed against 
the oxidation gas between respective oxidation gases. Further, nitrogen gas (N 2 ) is 
used as an inert gas in the foregoing example, but it is also acceptable that He, Ar, Ne, 
or Xe, which is a rare gas, is used instead. 

The method in which oxygen is not allowed to be included in the ruthenium 
film shown above is especially effective when a bottom electrode of ruthenium is 
formed on the barrier layer. For atop electrode formed on a high-k dielectric film, an 
oxygen gas is desirably introduced at both the times when increasing and decreasing 
the temperature in order to avoid the reduction of the high-k dielectric film. 

With respect to the dependence of the ruthenium film on annealing, the bottom 
electrode of ruthenium (just after being formed) is made up of crystal grains each in 
the form a cylinder with a diameter of about 10 nm and a height of about 30 nm in the 
direction perpendicular to the film surface. The surface is coarse because of a 
difference in height between respective crystal grains. However, if a tantalum 
pentoxide film is formed by a CVD process and subjected to annealing for 
crystallization thereof at a temperature of 650 °C, the size of each crystal grain is 
changed to 30 nm or more. Then, a study has been conducted on a method for 
forming a film, which undergoes no crystal deformation and has high thermal 
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stability, by annealing a bottom electrode of ruthenium before forming a tantalum 
pentoxide film. 

FIG. 9 shows the relationship between the annealing temperature in an inert 
atmosphere and the density of the ruthenium film. The ruthenium film is formed in 
accordance to Recipe 10 of FIG. 5(b) by using a diluted precursor of Ru^KtCxHs^ 
dissolved in a THF solvent. Further, the density of the ruthenium film is determined 
by an X-ray total reflection analysis. FIG. 9 shows the respective changes in density 
when a TaN film is used as a barrier film and when the ruthenium film is formed on a 
silicon dioxide film. The respective densities of the ruthenium films just after being 
formed (formation temperature: 290 °C) are 9.7 g/cm 2 (on the TaN film) and 8.8 
g/cm 2 (on the silicon dioxide film). It is found that the densities increase at an 
annealing temperature of not less than the formation temperature, and become a 
constant value of 10.5 g/cm 2 at 400 °C or more. 

FIG. 10 shows the relationship between the annealing temperature in an inert 
atmosphere and the crystal grain size. The ruthenium film is formed in accordance 
with Recipe 10 of FIG. 5(b), and the crystal grain size of the ruthenium film is 
determined through the cross-section TEM observation of the ruthenium film. The 
size of the crystal grain (just after being formed) is about 10 nm, and the surface 
thereof is also coarse. However, by performing annealing at not less than the 
formation temperature, the size of each crystal grain increases, and the crystal grains 
become uniform with an average grain size of 30 nm to 60 nm at 400 °C. Further, it 
is also found that no change occurs at a temperature higher than 400°C (i.e. from 400 
°C to 800 °C). 

FIG. 1 1 shows the relationship between the leakage current of the capacitor 
using a tantalum pentoxide film as a high-k dielectric film, and a ruthenium film as a 



top electrode (a voltage of +1 V is applied to the top electrode side), and the 
annealing temperature after the formation of a bottom electrode of ruthenium. The 
tantalum pentoxide film is formed by using Ta(OC 2 H 5 ) 5 and 0 2 as precursor gases at 
a temperature of 400 °C to 450 °C. The film is 10 nm thick. The tantalum pentoxide 
film is formed, and then subjected to 650 °C annealing for crystallization in nitrogen, 
further followed by 600 °C annealing for oxidization. FIG. 1 1 indicates that the 
leakage current is decreased by performing the annealing at not less than the 
formation temperature of the ruthenium film. Then, it is found that the magnitude of 
the leakage current is controlled to 10" 7 A/cm 2 or less at an annealing temperature of 
400 °C to 800 °C. The results are consistent with the conditions under which the 
density of the ruthenium film and the crystal grain size become constant as shown in 
FIGS. 9 and 10. 

The foregoing results occur whether the underlying film is the barrier film or 
the silicon dioxide film. Further, the same effects are applicable to Ru(OD) 3 , and 
Ru(CH 3 C 5 H4)2, Ru(C 5 H 5 ) 2 , and Ru(CnH 19 0 2 )3, which are in a solid state at room 
temperature but not for Ru(C 5 H4C2H 5 ) 2 . Thus, the results are not limited to the 
above-mentioned precursor of chemical vapor deposition. Further, for the 
combination of the organoruthenium compound and a solvent, the solvent is not 
limited to THF. The same effects are also applicable to methanol, ethanol, 
1-propanol, 2-propanol, isobutyl alcohol, 1-butanol, 2-butanol, diethyl ether, 
diisopropyl ether, octane, tetrahydropyran, 1,4-dioxane, acetone, methyl ethyl 
ketone, and toluene. 

In summary, it is found that by subjecting a ruthenium film to annealing at not 
less than the formation temperature in an inert atmosphere after forming the 
ruthenium film by the CVD method, it is possible to form a ruthenium film with high 



thermal stability against the annealing for crystallization during or after the 
subsequent high-k dielectric film formation. The foregoing effects do not depend 
upon the materials of the precursor of chemical vapor deposition or the underlying 
film. If the annealing temperature immediately after forming the ruthenium film is 
set at not more than the temperature of annealing for crystallization after forming the 
high-k dielectric film, the thermal load can be reduced. Therefore, an effect of 
inhibiting the oxidation of the barrier film by the oxygen included in the ruthenium 
film is also exerted. 

Other and further objects, features and advantages of the invention will appear 
more fully from the following description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The preferred embodiments of the present invention are illustrated in the 
accompanying drawings in which: 

FIG. 1 is a graph showing a gas introduction process of Embodiment 1 of the 
present invention; 

FIG. 2 is a graph showing a gas introduction process of Embodiment 2 of the 
present invention; 

FIGS. 3(a) and 3(b) are graphs respectively showing gas introduction process 
of Embodiment 3 of the present invention; 

FIGS. 4(a) and 4(b) are graphs respectively showing gas introduction process 
of Embodiment 4 of the present invention; 
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FIGs. 5(a) and 5(b) are tables showing the relationship between the deposition 
conditions for a chemical vapor deposition method using Ru(C 5 H4C 2 H5)2 as a 
precursor and the amount of oxygen contamination in a respective ruthenium film; 

FIG. 6 is a graph showing the dependence of the growth rate of the ruthenium 
film on the growth temperature; 

FIG. 7 is a diagram showing the configuration of a ruthenium film formation 
apparatus using a chemical vapor deposition method; 

FIGs. 8(a) and 8(b) are tables showing the relationship between the deposition 
conditions for a chemical vapor deposition method using various precursors and the 
amount of oxygen contamination in a respective ruthenium film; 

FIG. 9 is a graph showing the relationship between the annealing temperature 
in an inert atmosphere and the density of the respective ruthenium crystal; 

FIG. 10 is a graph showing the relationship between the annealing temperature 
in an inert atmosphere and the respective crystal grain size; 

FIG. 1 1 is a graph showing the relationship between the annealing temperature 
in an inert atmosphere performed immediately after the formation of a bottom 
electrode of ruthenium and the withstand voltage of the capacitor; 

FIGS. 12(a) to 12(c) are diagrams showing the fabricating process of a 
semiconductor integrated circuit having a capacitor with high-k material for 
illustrating Embodiment 6 of the present invention; 

FIGS. 13(a) to 13(c) are diagrams showing the continuing fabricating process 
of a semiconductor integrated circuit having a capacitor with high-k material for 
describing Embodiment 6 in Fig. 12; 



FIGS. 14(a) and 14(b) are diagrams showing the continuing fabricating process 
of a semiconductor integrated circuit having a capacitor with high-k material for 
illustrating Embodiment 6 in Fig. 13; 

FIG. 15 is an enlarged view of FIG 14(b); and 

FIGS. 16(a) to 16(e) are vertical sectional views in a step for illustrating the 
prior art. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Below, the embodiments of the present invention are described in detail by 
reference to drawings. It is noted that elements having like functions are given like 
reference numerals in all the drawings for illustrating the embodiments, and any 
repetition of similar description is avoided. 

(Embodiment 1) 

In this embodiment, a diluted liquid precursor, a precursor gas, an oxidation 
gas, and an inert gas are introduced to form a bottom electrode of ruthenium by a 
CVD method. FIG. 7 shows the configuration of an apparatus for forming a 
ruthenium film on a wafer. A diluted precursor of Ru^FL^Hs^ dissolved in a 
THF solvent with a concentration of 0.1 mol/1 is used as a precursor. Each gas is 
supplied into the system as follows. The diluted precursor supplied at a flow rate 
controlled by a liquid mass flow controller (MFC) is heated and vaporized by a 
vaporizer. Then, the vaporized Ru^sFL^Hs^ precursor and the THF gas are 
carried by a carrier gas of nitrogen, and mixed with an oxygen (O2) gas which is an 
oxidation gas before entering a deposition chamber. Further, the mixed gas is 
supplied through a distributor (shower-head) onto a wafer heated by a heater. A 
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balance gas of nitrogen is supplied through another line so as to adjust the partial 
pressure contributed by each gas in the deposition chamber and make constant the 
pressure distribution in the deposition chamber. The amounts of respective gases 
supplied are all controlled by the MFC. The gas introduction process for forming the 
5 ruthenium film with least oxygen contamination is as shown in FIG. 1 . 

A wafer (substrate) is carried into the vacuum deposition chamber, and then 
the wafer temperature is increased up to 290 °C over 4 minutes by a heater. At this 
step, the carrier gas of nitrogen and the balance gas of nitrogen are supplied at flow 
rates of 1 150 seem and 250 seem, respectively, and oxygen and the diluted precursor 
10 are not yet supplied. The exhaust amount is adjusted by an adjustment valve of 
exhaust to control the pressure in the deposition chamber to 5 Torr. After increasing 
^ the temperature, the supply of the diluted precursor is started at a rate of 5 seem, and 

* ; simultaneously, oxygen is supplied at a rate of 50 seem. At this step, the supply of a 

[■J THF gas at a rate of 6 x 10" 2 mol/min corresponding to a rate of 1300 seem is started. 

\sk 

P 15 The partial pressure of each supplied gas in the deposition chamber is required to be 

Q 

h* immediately made constant during each step (i.e. stepl, step2, and step3, especially 

step2-the deposition step), while the partial pressure of one gas might change from 
one step to the other step. The total pressure also keeps constant. As a result of the 
optimization, by allowing the flow rate of the balance gas of nitrogen to remain 250 
20 seem, and decreasing the rate of the carrier gas of nitrogen to 650 seem, a large 
change in pressure is inhabited, and simultaneously immediately constant the partial 
pressure of each supplied gas. The pressure during deposition remained constant at 5 
Torr. After depositing a 30-nm-thick ruthenium film, the supplies of the diluted 
precursor and the oxygen gas are stopped, and the flow rate of the carrier gas of 
25 nitrogen is returned to 1150 seem. The flow rate of the balance gas of nitrogen 



remained constant at 250 seem. The wafer temperature decreases in 2 minutes to 
220°C, and then the wafer is taken out. If a ruthenium seed layer is pre-formed on 
the wafer, the length of time between start and stop of the precursor supply is 1 1 
minutes. 

The foregoing process is characterized in that the supply of an oxygen gas is 
limited to when the precursor is supplying while the partial pressure of each supplied 
gas is controlled to be constant during formation of a bottom electrode of ruthenium 
i.e. the deposition period. Further, it is also important that the oxygen partial 
pressure during deposition is gradually reduced. The characteristics of the ruthenium 
film depend upon the amount of oxygen adsorption onto the surface, which is 
determined by the supply of oxygen gas, the supply of THF, and the supply of 
nitrogen gas. Particularly, the step coverage is enhanced with a decrease in oxygen 
partial pressure. Therefore, the optimum conditions for the amount of each supplied 
gas varies according to the aspect ratio of a three-dimensional bottom electrode. For 
example, the supply of oxygen gas may be reduced or the supply of THF (supply of 
the precursor) may be increased in order to increase the step coverage. At this step, 
in order to control the pressure in the deposition chamber and the partial pressure of 
each supplied gas to be constant, it is desirable that the nitrogen gas supplied before 
starting the deposition is almost the same as (or less than) the total amount of other 
gases supplied after starting the deposition. 

According to the foregoing process, it is possible to form a bottom electrode of 
ruthenium of which the amount of oxygen contamination is less than the detection 
limit of a TDS method such that it will not oxidize a barrier film. The foregoing 
process is not limited to Ru^FL^F!^. It if also applicable to Ru(OD)3, 
Ru(CH 3 C5H4) 2 , Ru(C5H 5 ) 2 , and Ru(CnHi 9 0 2 )3 in a solid state at room temperature 



And other solvents, such as methanol, ethanol, 1-propanol, 2-propanol, isobutyl 
alcohol, 1-butanol, 2-butanol, diethyl ether, diisopropyl ether, octane, 
tetrahydropyran, 1,4-dioxane, acetone, methyl ethyl ketone, and toluene can be used 
to substitute THF. However, the amount of supplied gases during deposition and the 
growth temperature depend upon the precursor. The reaction of the gases and the 
oxygen for Ru disposition is determined by the amount of oxygen supply rather than 
the oxygen reaction speed on the surface. Therefore, they are required to be adjusted 
so as to satisfy the conditions capable of achieving the oxygen-supply-controlled 
reaction at a low oxygen partial pressure. 

(Embodiment 2) 

In this embodiment, a precursor gas, an oxidation gas, and an inert gas are 
introduced to form a bottom electrode of ruthenium. FIG. 7 shows the configuration 
of an apparatus. The case where a liquid precursor R^CsFL^Hs^ is loaded in a 
precursor container is taken as an example. Ru^FL^F^ is heated and vaporized 
by a vaporizer held at 150 °C, and carried by using a nitrogen gas as a carrier gas into 
a mixer. The flow rate is controlled by a mass flow controller (MFC). Then, the 
mixed gas is mixed with an oxygen gas, which is a reaction gas, before entering a 
deposition chamber. The precursor, oxygen gas, and the carrier gas of nitrogen are 
supplied through a distributor (shower-head) onto a wafer heated by a heater. The 
partial pressure of each gas in the deposition chamber is adjusted by making constant 
the flow rate of a balance gas of nitrogen supplied through another line and the total 
pressure in the deposition chamber. The amounts of respective gases supplied are all 
controlled by the MFC. The gas introduction sequence for forming the ruthenium 
film with least oxygen contamination shown in FIG. 2. 



A wafer is carried into the vacuum deposition chamber, and then the carrier gas 
of nitrogen and the balance gas of nitrogen are supplied at rates of 650 seem and 250 
seem, respectively, while oxygen and the precursor are not supplied. In such a state, 
the wafer temperature is increased up to 250 °C over 4 minutes by a heater. The 
exhaust amount is adjusted by an adjustment valve of exhaust to control the pressure 
in the deposition chamber to 5 Torr. After increasing the temperature, the supply of 
the precursor is started, and simultaneously, the supply of oxygen is started at a rate 
of 20 seem. The supply of the precursor is restricted to the amount required for 
deposition, and hence it is slight as compared with the amount of molecules of other 
supplied gases. Therefore, before and after the start of the precursor, there is no large 
change in the amount of molecules of supplied gases, and there is no large variation 
in pressure. After depositing a 30-nm-thick ruthenium film, the supplies of the 
diluted precursor and an oxygen gas are stopped. The flow rates of the carrier gas of 
nitrogen and the balance gas of nitrogen remain constant at 650 seem and 250 seem, 
respectively. The wafer is decreased in temperature to 220°C for 2 minutes, and then 
the wafer is taken out. When a ruthenium seed layer is pre-formed on the wafer, the 
length of time between start and stop of the precursor supply is 1 1 minutes. 

The foregoing process is characterized in that the supply of an oxygen gas is 
limited to when the precursor is supplying during formation of a bottom electrode of 
ruthenium. Further, it is also important that the oxygen partial pressure during 
deposition is gradually reduced. The characteristics of the ruthenium film depend 
upon the amount of oxygen adsorption onto the surface, which is determined by the 
supply of oxygen gas and the supply of nitrogen gas. Particularly, the step coverage 
is enhanced with a decrease in oxygen partial pressure. Therefore, the optimum 
conditions for the amount of each supplied gas varies according to the aspect ratio of 



-22- 



a three-dimensional bottom electrode. For example, the supply of oxygen gas 
described above may be reduced in order to increase the step coverage. 

According to the foregoing process, it is possible to form a bottom electrode of 
ruthenium of which the amount of oxygen contamination is less than detection limit 
of a TDS method such that it will not oxidize a barrier film. The foregoing process is 
not limited to Ru(C 5 H4C2H 5 )2. It is also applicable to Ru(OD) 3 , Ru(CH 3 C 5 H4)2, 
Ru(C 5 H 5 ) 2 , and Ru(CiiHi 9 0 2 )3 in a solid state at room temperature. However, the 
amount of supplied gases during deposition and the growth temperature depend upon 
the precursor. Therefore, they are required to be adjusted so as to satisfy the 
conditions for achieving the oxygen-supplu-controlled reaction at a low oxygen 
partial pressure. 

(Embodiment 3) 

In this embodiment, a diluted precursor, a precursor gas, an oxidation gas, and 
an inert gas are introduce to form a top electrode of ruthenium. A diluted precursor 
of Ru(C5H4C 2 H 5 )2 dissolved in a THF solvent with a concentration of 0.1 mol/1 is 
used as a precursor. The apparatus configuration is the same as applied in 
Embodiment 1 . When the top electrode of ruthenium is formed, an oxygen gas has to 
be supplied at both the times when increasing and decreasing the temperature of the 
wafer in order to inhibit an increase in the leakage current due to the reduction of the 
high-k dielectric film, such as a tantalum pentoxide film. The gas introduction 
process for forming the top electrode of ruthenium is as shown in FIG. 3(a). 

A wafer is carried into the vacuum deposition chamber, and then the wafer 
temperature is increased up to 290 °C over 4 minutes by a heater. At this step, the 
carrier gas of nitrogen and the balance gas of nitrogen are supplied at rates of 1100 



seem and 250 seem, respectively. Further, an oxygen gas is supplied at a rate of 50 
seem. The exhaust amount is adjusted by an adjustment valve of exhaust to control 
the pressure in the deposition chamber to 5 Torr. After increasing the temperature, 
the supply of the precursor is started at a rate of 5 seem. The flow rate of the balance 
gas of nitrogen remains 250 seem, and the rate of the carrier gas of nitrogen is 
decreased to 650 seem. At this step, the supply of a THF gas at a rate of 6 x 10" 2 
mol/min (corresponding to the rate of 1300 seem) is also started simultaneously. 

According to the foregoing gas introduction process, it is possible to inhibit a 
large change in pressure, and meanwhile, immediately make constant the partial 
pressure of each supplied gas. The total pressure during deposition remains constant 
at 5 Torr. After depositing a 70-nm-thick ruthenium film, the supply of the diluted 
precursor stops. The flow rate of the carrier gas of nitrogen returns to 1 100 seem. 
The flow rates of the balance gas of nitrogen and the oxygen gas remains constant at 
250 seem and 50 seem, respectively. The wafer is decreased in temperature for 2 
minutes 220°C, and then the wafer is taken out. When a ruthenium seed layer is 
pre-formed on the wafer, the length of time between start and stop of the precursor 
supply is 12 minutes. 

The foregoing process is characterized in that an oxygen gas is supplied at the 
times when increasing and decreasing the wafer temperature, and the partial pressure 
of each supplied gas is controlled to be constant during formation of the top electrode 
of ruthenium. The supply of oxygen gas at the times when increasing and decreasing 
the wafer temperature is set to inhibit the reduction of a high-k dielectric film, such 
as a tantalum pentoxide film. Therefore, it is acceptable that the supply is larger than 
the described above. Further, it is also important that the oxygen partial pressure 
during deposition is reduced to form a top electrode of ruthenium with a good step 
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coverage. For example, for enhancing the step coverage, the supply of oxygen gas 
during deposition shown above is decreased, or the supply of THF (supply of the 
precursor) is increased. 

Consequently, it is possible to form a top electrode of ruthenium which has a 
good step coverage without damaging a capacitor insulator. Further, with the 
foregoing process, i.e., by introducing an oxygen gas before supplying the diluted 
precursor, oxygen is adsorbed on the grown surface prior to the precursor so as to 
facilitate the formation of a plurality of growth nucleus. Therefore, the foregoing 
process also reduces the incubation time and shorten the growth time as compared 
with the process shown in Embodiments 1 and 2. The foregoing process is also 
applicable to the formation of the bottom electrode of ruthenium by being combined 
with a process in which after forming an electrode of ruthenium, the oxygen included 
therein is removed by annealing it in an inert atmosphere as described later in 
Embodiment 5. In this case, in order to minimize the amount of oxygen in the 
ruthenium film, the supplies of oxygen gas and nitrogen gas are adjusted such that 
the oxygen partial pressure in the deposition chamber is 0.5 Torr or less when 
increasing the temperature of the wafer, and the supply of oxygen gas has to be 
stopped simultaneously with the precursor supply. In this case, for forming a 
30-nm-thick ruthenium film, the length of time between start and stop of the 
precursor supply is 7 minutes. 

It is also possible to form the top electrode of ruthenium by using a gas supply 
process including a step of forming a ruthenium film with a good step coverage in a 
deep hole, and a step of forming a ruthenium film on a flat surface after filling in the 
deep hole. This gas introduction process is shown in FIG. 3(b). A wafer is carried 
into the vacuum deposition chamber, and then the wafer temperature is increased up 
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to 290 °C over 4 minutes by a heater. At this step, the carrier gas of nitrogen and the 
balance gas of nitrogen are supplied at rates of 1 100 seem and 250 seem, respectively. 
Further, an oxygen gas is supplied at a rate of 50 seem. The exhaust amount is 
adjusted by an adjustment valve of exhaust to control the pressure in the deposition 
chamber to 5 Torr. After increasing the temperature, the supply of the diluted 
precursor is started at a rate of 5 seem. The flow rate of the balance gas of nitrogen 
remains 250 seem, and the rate of the carrier gas of nitrogen is decreased to 650 seem. 
At this step, the supply of a THF gas at a rate of 6 x 10" 2 mol/min (corresponding to 
the rate of 1300 seem) is also started simultaneously. 

According to the foregoing gas introduction method, it is possible to inhibit a 
large change in pressure, and meanwhile, immediately make constant the partial 
pressure of each supplied gas. The total pressure during deposition remained 
constant at 5 Torr. After forming a 30-nm-thick ruthenium film with a good step 
coverage in the deep hole over 7 minutes while allowing the supplies of the diluted 
precursor and the balance gas of nitrogen to remain constant, the supply of oxygen 
gas is increased to 200 seem, and the supply of the carrier gas of nitrogen is 
decreased to 500 seem. This process can increase the oxygen adsorption density on 
the wafer surface, and hence it increases the growth rate of the film. In this state, a 
40-nm-thick ruthenium film is formed over 2 minutes, and then the supply of the 
diluted precursor is stopped. The flow rate of the carrier gas of nitrogen is returned to 
1 100 seem. The flow rates of the balance gas of nitrogen and the oxygen gas remains 
constant at 250 seem and 200 seem, respectively. The wafer is decreased in 
temperature for 2 minutes to 220°C, and then the wafer is taken out. The foregoing 
process shortens the growth time by about 3 minutes by performing deposition of the 



top electrode of ruthenium getting either a good step coverage with a low growth rate, 
or a bad step coverage with a high growth rate. 

The foregoing process is not limited to Ru(C 5 H4C2H 5 )2, but also applicable to 
Ru(OD) 3 , Ru(CH 3 C 5 H4) 2 , Ru(C 5 H 5 ) 2 , and Ru(CiiHi 9 0 2 )3 in a solid state at room 
temperature. The solvents, such as methanol, ethanol, 1-propanol, 2-propanol, 
isobutyl alcohol, 1-butanol, 2-butanol, diethyl ether, diisopropyl ether, octane, 
tetrahydropyran, 1,4-dioxane, acetone, methyl ethyl ketone, and toluene, may be 
used to substitute THF. However, the amount of the supplied diluted precursor and 
the amount of supplied gases during deposition, and the growth temperature depend 
upon the precursor. Therefore, they are adjusted to achieve a low oxygen partial 
pressure when the formation of step coverage is given a higher priority, and the are 
adjusted to achieve a high oxygen partial pressure when the growth rate is given a 
higher priority. 

(Embodiment 4) 

In this embodiment, a precursor gas, an oxidation gas, and an inert gas are 
introduced to form a top electrode of ruthenium. The apparatus configuration and 
the vaporization method of the precursor are shown in Embodiment 2. For example, 
if a liquid precursor RuCCsH^Hs^ is loaded in a precursor container to form the top 
electrode of ruthenium, an oxygen gas has to be supplied at both the times when 
increasing and decreasing the temperature of the wafer in order to inhibit an increase 
in the leakage current due to the reduction of the high4c dielectric film, such as a 
tantalum pentoxide film. The gas introduction process is as shown in FIG. 4(a). 

A wafer is carried into the vacuum deposition chamber, and then the wafer 
temperature is increased up to 250 °C over 4 minutes by a heater. At this step, the 



carrier gas of nitrogen and the balance gas of nitrogen are supplied at rates of 600 
seem and 250 seem, respectively. Further, an oxygen gas is supplied at a rate of 50 
seem. The exhaust amount is adjusted by an adjustment valve of exhaust to control 
the pressure in the deposition chamber to 5 Torr. After increasing the temperature, 
the supply of the precursor is started. Simultaneously, the supply of the oxygen gas 
is decreased to 20 seem, and the supply of the carrier gas of nitrogen is increased to 
630 seem. The supply of the balance gas of nitrogen remains 250 seem. The amount 
of supplied precursor is slight as compared with the amount of molecules of other 
supplied gases. Therefore, before and after the start of the precursor supply, there is 
no change in the amount of molecules of the supplied gases, and there is no large 
pressure variation. After depositing a 70-nm-thick ruthenium film, the supply of the 
diluted precursor is stopped. The flow rate of the carrier gas of nitrogen is adjusted 
to 600 seem. The flow rates of the balance gas of nitrogen and the oxygen gas are 
adjusted to 250 seem and 50 seem, respectively. The wafer is decreased in 
temperature for 2 minutes to 220°C, and then the wafer is taken out. When a 
ruthenium seed layer is pre-formed on the wafer, the length of time between start and 
stop of the precursor supply is 12 minutes. 

The foregoing process is characterized in that an oxygen gas is supplied at the 
times when increasing and decreasing the wafer temperature, and the partial pressure 
of each supplied gas is controlled to be constant during formation of the top electrode 
of ruthenium. The supply of oxygen gas at the times when increasing and decreasing 
the wafer temperature is set to inhibit the reduction of a high-k dielectric film such as 
a tantalum pentoxide film. Therefore, it is acceptable that the supply of oxygen gas is 
larger than the described above. Further, it is also important that the oxygen partial 
pressure during deposition is reduced to from a top electrode of ruthenium with a 



good step coverage. For example, for enhancing the step coverage, the supply of 
oxygen gas during deposition shown above is decreased. Consequently, it is possible 
to form a top electrode of ruthenium which has a good step coverage without 
damaging a capacitor insulator. Further, with the foregoing process, by introducing 
an oxygen gas before supplying the precursor, oxygen is previously adsorbed on the 
grown surface to facilitate the formation of a plurality of growth nucleuses. 
Therefore, the foregoing process also reduces the incubation time and shortens the 
growth time as compared with the processes shown in Embodiments 1 and 2. 

As described later in Embodiment 5, the foregoing process is also applicable 
for forming a multiple-electrode structure of ruthenium by combining with another 
process after forming a bottom electrode of ruthenium, the oxygen included therein 
is removed by annealing it in an inert atmosphere. In this case, in order to minimize 
the amount of oxygen in the ruthenium film, the supplies of oxygen gas and nitrogen 
gas are adjusted such that the oxygen partial pressure in the deposition chamber is 0.5 
Torr or less when increasing the temperature of the wafer, and the supply of oxygen 
gas has to be stopped simultaneously with the precursor supply. In this case, for 
forming a 30-nm-thick ruthenium film, the length of time between start and stop of 
the precursor supply is 7 minutes. 

For forming the top electrode of ruthenium, it is also possible to use a gas 
supply process including a step of forming a ruthenium film with a good step 
coverage in a deep hole, and a step of forming a ruthenium film on a flat surface after 
filling in the deep hole. This gas introduction process is shown in FIG. 4(b). A wafer 
is carried into the deposition chamber in a vacuum, and then the wafer temperature is 
increased up to 250 °C over 4 minutes by a heater. At this step, the carrier gas of 
nitrogen and the balance gas of nitrogen are supplied at rates of 600 seem and 250 
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sccm, respectively. Further, an oxygen gas is supplied at a rate of 50 seem. The 
exhaust amount is adjusted by an adjustment valve of exhaust to control the pressure 
in the deposition chamber to 5 Torr. After increasing the temperature, the supply of 
the precursor is started. Simultaneously, the supply of oxygen gas is decreased to 20 
seem, and the supply of the carrier gas of nitrogen is increased to 630 seem. The 
flow rate of the balance gas of nitrogen remains 250 seem. The supply of the 
precursor is slight as compared with the amount of molecules of other supplied gases. 
Therefore, before and after the start of the precursor supply, there is no change in the 
amount of molecules of the supplied gases, and there is no large pressure variation. 
The pressure during deposition remains constant at 5 Torr. 

After forming a 30-nm-thick ruthenium film with a good step coverage in each 
groove over 7 minutes, while allowing the supplies of the carrier gas of nitrogen and 
the balance gas of nitrogen to remain constant, the supply of oxygen gas is increased 
to 200 seem. This process increases the oxygen adsorption density on the wafer 
surface, and hence increases the growth rate. In this state, a 40-nm-thick ruthenium 
film is formed over 2 minutes, and then the supply of the precursor is stopped. The 
flow rate of the carrier gas of nitrogen is adjusted to 450 seem. The flow rates of the 
balance gas of nitrogen and the oxygen gas remains constant at 250 seem and 200 
seem, respectively. The wafer is decreased in temperature for 2 minutes to 220°C, 
and then the wafer is taken out. The foregoing process shortens the growth time by 
about 3 minutes by performing deposition of the top electrode of ruthenium getting 
either a good step coverage with a low growth rate, or a bad step coverage with a high 
growth rate. 

With the foregoing process, it is possible to form a top electrode of ruthenium 
which has a good step coverage without damaging a capacitor insulator. Further, the 



foregoing process is not limited to Ru^FL^F^. It can also be Ru(OD) 3 , 
Ru(CH 3 C 5 H4) 2 , Ru(C5H 5 ) 2 , and Ru(CiiHi 9 C>2)3 in a solid state at room temperature. 
However, the amount of supplied gases during deposition, and the growth 
temperature depend upon the precursor. Therefore, they are adjusted to achieve a 
low oxygen partial pressure when the step coverage is given a higher priority, and 
they are adjusted to achieve a high oxygen partial pressure when the growth rate is 
given a higher priority. 

(Embodiment 5) 

In this embodiment, there is disclosed a method for annealing the bottom 
electrode of ruthenium formed by using either method disclosed in Embodiments 1 
and 2. For example, a bottom electrode of ruthenium is formed with a thickness of 
30 nm by using a diluted precursor of Ru(C 5 H4C2H 5 )2 dissolved in THF with the 
method shown in Embodiment 1 . At this step, the ruthenium electrode is made up of 
crystal grains each in the form a cylinder with a diameter of about 10 nm and a size of 
about 30 nm parallel with the film's thickness. The surface condition is coarse due to 
a difference in film thickness (height) between respective crystal grains. Then, high 
speed annealing is performed at 500 °C for 2 minutes in a nitrogen atmosphere, the 
gas atmosphere has to be adjusted so that oxygen is incorporated in the ruthenium 
film. By this annealing, the ruthenium film is changed into the ruthenium film 
having a density of 10.5 g/cm 3 as shown in FIG. 9 which contains crystal grains with 
an average grain size of 30 nm to 60 nm as shown in FIG. 10. Simultaneously, the 
ruthenium film surface becomes flattened. This does not depend upon the 
underlying layer (barrier film, Si0 2 ). The ruthenium film formed with the foregoing 
annealing method is not deformed and is stable against the subsequent high-k 



dielectric film formation and annealing for crystallization. Further, it is also possible 
to keep the amount of oxygen contamination in the ruthenium film less than the 
detection limit by a TDS measurement. 

The foregoing annealing of the bottom electrode may be carried out at not less 
than the growth temperature by a CVD method. It is desirably to be performed at 
400 °C or more based upon the results of FIGS. 9, 10, and 1 1. Further, in order to 
reduce the thermal load exerted on a semiconductor element, the annealing 
temperature is desirably lower than the crystallization temperature of the high-k 
dielectric film. For a tantalum pentoxide film, the crystallization temperature is from 
600 °C to 700 °C. Therefore, the annealing temperature is desirably 700 °C or less. 

The effectiveness of the foregoing annealing method is not limited to the 
diluted precursor RuCCsH^Hs^, but also the organoruthenium compounds, such as 
Ru(C 5 H4C 2 H 5 ) 2 , Ru(OD) 3 , Ru(CH 3 C 5 H4)2, Ru(C 5 H 5 ) 2 , and Ru(CnHi 9 0 2 )3 in a solid 
state at room temperature (supplied without a solvent as shown in Embodiment 2). 
And the diluted precursors dissolved in the solvents may be methanol, ethanol, 
1-propanol, 2-propanol, isobutyl alcohol, 1-butanol, 2-butanol, diethyl ether, 
diisopropyl ether, octane, tetrahydropyran, 1,4-dioxane, acetone, methyl ethyl 
ketone, and toluene, other than a THF solvent. It is also possible to form a flat 
ruthenium film with high thermal stability by performing the same annealing as the 
described above. 

However, for a compound including oxygen in its molecule such as Ru(OD) 3 
or Ru(CnHi 9 02)3, even if a ruthenium film is formed by the method shown in 
Embodiment 1 or 2, a slight amount of oxygen is detected by a TDS measurement. 
As for such a film, it is possible to remove the oxygen in the film by performing 
annealing thereof in an atmosphere of nitrogen gas at 450 °C for 2 minutes. Further, 
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it is possible to reduce the amount of oxygen contamination to less than the detection 
limit by a TDS measurement by performing annealing thereof at 400 °C for 2 
minutes in an atmosphere containing 3 % hydrogen in a nitrogen gas. The annealing 
in a reducing atmosphere containing hydrogen or the like can remove the oxygen left 
in a slight amount in the film. 

(Embodiment 6) 

In this embodiment, a method for fabricating a memory device (memory cell) 
includes forming a bottom electrode of ruthenium by the CVD method described in 
Embodiment 1, and forming a top electrode of ruthenium described in Embodiment 3 
by reference to FIGS. 12 to 15. 

First, a memory cell selective transistor is formed on a semiconductor substrate 
1 1 made of, for example, a p single crystal silicon by using a known method. The 
memory cell selective transistor is formed of an isolation 12, a diffusion layer 13, a 
gate oxide film 14, a word line 15 made up of a lamination of (1) a barrier metal film 
made of Poly-Si, (2) a film of WN or TiN, and (3) a W film, a plug 29 made of 
poly-Si or the like, etc. A bit line 16 made of a lamination of TiN and W is formed on 
the transistor. Subsequently, a silicon dioxide film 17 is deposited on top of the bit 
line by a CVD method, and the surface thereof is flattened by a chemical mechanical 
polishing method (FIG. 12(a)). Further, a contact hole for a plug, which ensures the 
electrical connection between the selective transistor and a capacitor, is formed by a 
dry etching method (FIG. 12(b)). Then, an n polysilicon film is buried in the contact 
hole by a CVD process, and then the n polysilicon film outside the contact hole is 
removed by an etch-back method to form a polysilicon plug 18 (FIG. 12(c)). 
Subsequently, a barrier film 19 made of TiN, TiAIN, TaN, or the like is formed by a 
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sputtering method, and the whole film 19 is removed by chemical polishing, the 
portion of the barrier film 19 is left on the poly silicon plug 19 in the contact hole 
(FIG. 13(a)). A silicon nitride film 20 of about 100 nm thick is deposited thereon by 
a CVD method to serve as an etching stopper for processing the silicon dioxide film. 
On the silicon nitride film, a silicon dioxide film (interlayer insulator of capacitor 
region) 21 using tetraethoxysilane (TEOD) as a precursor is formed of 2 u,m thick 
(FIG. 13(b)). The silicon dioxide film 21 and the silicon nitride film 20 are processed 
by a dry etching method using a photoresist as a mask to form a groove for a bottom 
electrode on top of the plug made up of the polysilicon plug 1 8 and the barrier layer 
19 (FIG. 13(c)). Subsequently, a ruthenium film is deposited with a thickness of 20 
nm by a sputtering method. At this step, a ruthenium seed layer 22 with a film of 1 
nm to 2 nm thick is formed on the side portion of the groove. Further, with the CVD 
process using the diluted precursor of Ru(C 5 H4C 2 H5)2/THF of FIG. 1 described in 
Embodiment 1, a bottom electrode of ruthenium is formed with a film of 30 nm thick 
and a good step coverage. Then, by a known etch-back technology using a 
photoresist film, the ruthenium film is isolated on a bit basis, and then subjected to 
annealing at 500 °C for 2 minutes in a nitrogen gas as described in Embodiment 5 to 
complete a bottom electrode of ruthenium 23 (FIG. 14 (a)). Then, a high-k dielectric 
film (tantalum pentoxide film) 26 is formed of about 10 nm thick by a chemical 
vapor deposition method. The tantalum pentoxide film is deposited by using 
Ta(OC 2 H 5 ) and 0 2 as precursor gases at a temperature range of 400 °C to 450 °C. 
Then, the film is subjected to annealing at 650 °C for 2 minutes in an inert 
atmosphere for crystallization of the tantalum pentoxide film, and then annealing at 
550 °C for 2 minutes in an oxidation atmosphere. Subsequently, a top electrode is 
formed. First, a ruthenium film is deposited with a film of 20 nm thick on the 



tantalum pentoxide film by a sputtering method. At this step, a top ruthenium seed 
layer 24 of about 1 nm thick can be formed on the side of the tantalum pentoxide film 
in the groove. Further, with the CVD process using the diluted precursor of 
Ru(C 5 H4C 2 H5) 2 /THF of FIG. 3(b) described in Embodiment 3, a top electrode of 
ruthenium 25 is formed with a film of 70 nm thick. Further, annealing is performed 
at not less than the growth temperature, desirably from 300 °C to 500 °C in an 
oxidation atmosphere to roughly complete a memory cell unit of a DRAM (FIGS. 
14(b) and 15). Subsequently, an interlayer insulator of wiring region made of a 
silicon dioxide film or the like is formed on top of the memory cell. Further, about 
two layers of Al wiring is formed, and a passivation film is formed to complete the 
DRAM. 

As described in detail above, according to this embodiment, it is possible to 
inhibit the oxidation of the barrier layer, and to form a memory cell with a small 
leakage current of a capacitor. The memory operation of the memory device is 
checked. And it has been confirmed that a desired characteristics are obtained. 

The CVD processes and the annealing method for the bottom electrode of 
ruthenium and the top electrode of ruthenium described above are a combination of 
the methods described in Embodiments 1, 2, 3, 4, and 5, and a DRAM has the same 
characteristics as described above can be so formed. Further, the capacitor insulator 
may be (Ba, Sr) Ti0 3 [BST] or SrTi0 3 formed by a CVD method other than the 
tantalum pentoxide film. For BST, it is formed by a CVD method using 
[Ba(DPM) 2 [Ba{(CH 3 )3CCOCH 2 COC(CH 3 )3}3: barium dipivaloylmethanate], 
Sr(DPM) 2 [Sr{(CH 3 ) 3 CCOCH 2 COC(CH 3 ) 3 } 3 : strontium dipivaloylmethanate], or 
Ti(OC 3 H 7 )4 (triisopropoxidetitanium), as a precursor at 400 °C. In this case, the 
crystallization temperature is 550 °C to 700 °C. 



Although the invention achieved by the present inventors is described above 
based on specific embodiments thereof, it is to be understood that the invention is not 
limited to the specific embodiments thereof, and it is believed obvious that various 
changes and modifications may be made in the invention without departing from the 
spirit and scope thereof. 

Out of the aspects of the invention disclosed by this application, the effect 
obtained by the typical one thereof is described briefly, below. 

It is possible to form a ruthenium electrode with a small amount of oxygen 
contamination and high thermal stability by a chemical vapor deposition method. 
Therefore, it is possible to implement high integration due to downsizing of a 
semiconductor memory device. As results, an improved yield, a lower cost due to a 
reduction in number of steps, and the like are achieved. 

The present invention may be embodied in other specific forms without 
departing from the spirit or essential characteristics thereof The described 
embodiments are to be considered in all respects only as illustrated and not restrictive. 
Variations and changes may be made by one skilled in the art without departing from 
the spirit of the present invention. Accordingly, it is expressly intended that all such 
variations or changes which fall within the spirit and scope of the present invention 
as defined in the claims, be embraced thereby. 



